Abstract--On the basis of neutron diffraction studies, the two inner-hydroxyl ions in highly ordered kaolinite were recently shown to be differently oriented. One of the inner-hydroxyl ions points generally toward a hole in the octahedral sheet and the other toward a hole in the tetrahedral sheet. These orientations and the locations of the other atoms in the primitive triclinic unit cell have now been determined for a sample of Keokuk kaolinite with improved precision compared with that reported earlier. Rietveld structure refinement was carried out for the entire crystal structure simultaneously (99 atom positional and 17 other parameters) with each of two newly collected sets of high-resolution neutron powder diffraction data. The different orientations of the inner-hydroxyl ions are the most marked evidence that the unit cell is not C centered. The positions of the inner-surface hydrogen atoms provide further evidence in that all differ from a C-centered relationship by six to eight estimated standard deviations in their y coordinates. The cell is, therefore, not centered. The space group is P1.
INTRODUCTION
Two recent papers (Adams, 1983; Suitch and Young, 1983) reported conflicting results for the orientations of the two inner-hydroxyl ions in the unit cell of kaolinite and, thereby, conflicting conclusions about the similarity and differences between the "kaolinite" layer in dickite and that in kaolinite. Adams (1983) reported that both were oriented the same way, with the O-H vector pointing away from the octahedral sheet. Suitch and Young (1983) reported that the two inner-hydroxyl ions were differently oriented, one pointing toward and one away from the octahedral sheet. They stated that this orientational difference constituted the principal difference between the "kaolinite" layers in kaolinite and dickite. Both groups of authors used Rietveld structure refinements with powder diffraction data. Adams used neutron diffraction data only, which were collected on the high-resolution D 1A instrument at the Institut Laue-Langevin. Suitch and Young used X-ray diffraction data for refinement of the non-hydrogen atom positions and then neutron data, collected at the High-Flux Beam Reactor at Brookhaven National Laboratory, for refinement of the hydrogen and hydroxyloxygen positions.
Because Adams used a C-face-centered space group, his Rietveld refinements were constrained to report identical orientations for the two inner-hydroxyl ions. He also made a scattering-density difference map ("Fourier"), however, on which he looked for but did Copyright 9 1988, The Clay Minerals Society not find evidence of a second position for the innerhydroxyl hydrogen atoms.
The Suitch and Young (1983) result for the innerhydroxyl orientations has been questioned by later workers as not being "unambiguous" (Thompson, 1984) , as being open to "serious doubt" (Thompson and Withers, 1987) , and that it was not consistent with current interpretations of infrared spectroscopic data (D. K. Smith, Pennsylvania State University, University Park, Pennsylvania, private communication, 1984) . In view of the growing controversy, and because the Suitch and Young conclusion about the inner-hydroxyl ion orientations was in fact based on a single neutron diffraction pattern from a single sample, we considered it worthwhile to carry out another set of Rietveld refinements with new neutron data collected from a new sample on a different instrument (the one used by Adams). The new data supported refinement of the positional parameters of all atoms simultaneously, a desirable procedure that was not possible with the data available in the earlier Suitch and Young work.
MATERIALS AND METHODS
The kaolinite sample was a mixture of the "best" material handpicked from several geodes found near Keokuk, Iowa (Hayes, 1963; Keller et al., 1966) . The "best" material displayed no "sharp-rise-slow-fall" characteristics in the X-ray powder diffraction pattern, which are usually seen in the 19-25~ range (CuKa All A12 A13 AI4 radiation) and which are generally ascribed to layer Sil Si2 stacking faults or to layer-to-layer shifting of the Ael Si3 vacancies (see, e.g., Plan~on and Tchoubar, 1975, 1977; Si4 Reynolds, 1983; Tchoubar, 1984) . The near absence O1 of such characterizations can be noted in the diffraction 02 pattern shown in Figure 2a of the present paper. This 03 O4 selection of specimen is critical to the credibility of the 05 detailed results because the layer-to-layer faults were 06 not modeled in the Rietveld refinement program used 07 nor, in fact, have they been modeled in any such pro-08 09 gram known to the authors. Because such kaolinite O10 material is in short supply, the authors are grateful to OH1 W. D. Keller for sharing his and to S. W. Bailey for OH2 turning over to them his remaining supply so that the OH3 OH4 total sample could be of convenient size for neutron OH5 powder diffraction. OH6 Neutron powder diffraction data were collected with OH7 the D 1A high-resolution multi-counter diffractometer OH8 system at the Institut Laue-Langevin, Grenoble (Hewat H 1A H1B and Bailey, 1976) , operating with a wavelength close H2 to 1.95 A. Two fully independent sets of data were H3 collected over the range 6-155~
The second H4 (PNKAO86), obtained about 6 months after the first H5A H5B (PKAOLIN), was collected to have about three times H6 the total counts of the PKAOLIN set. Set PNKAO86 H7 was, therefore, the preferred set when only one set was H8 used.
Rietveld whole-pattern-fitting crystal-structure re-H1A finement (Rietveld, 1969; Youngand Wiles, 1981)was 1.18 (13) carried out initially at the Institut Laue-Langevin with a VAX 8600 version of the program described in earlier form by Hewat (1973) and now incorporating Howard's (1981) reflection profile model. More exhaustive refinements were then carried out at the Georgia Institute of Technology with the current version of the computer program described by Wiles and Young (1981) , modified to make proper use of the multiplecounter data.
Considerable asymmetry in the lower angle reflection profiles was noted. The computer program used at the Georgia Institute of Technology (DBW3.2S, version 8705) was not equipped to model it well. Therefore, after refinement procedures had been carried through with PKAOLIN and PNKAO86 data, the key procedures were repeated with a truncated set of data, PKAO86A, which was set PNKAO86 with the data <42.75~ removed. Because this truncation omitted the strong peaks most affected by asymmetry, it had (3) 0.850 (2) Site Occupancies HIB H5A H5B -0.18 (13) 1.09 (12) -0.09 (12) Results from Reitveld refinement CN with C centering imposed and each inner-hydroxyl hydrogen atom initially assigned to two sites, as shown in Table 1 , with half-oceupancy in each.
the effect of reducing the R-values slightly and, thereby, of making the distinction between results for different refinement models more evident. The principal final results presented here are, therefore, based on the Rietveld refinements made using the PKAO86A data.
Two kinds of starting models were used. In the C models a C-face-centered relationship was imposed on all atoms except the two inner-hydroxyl hydrogen atoms, H(1) and H(5). In the second kind of model, the C-centering constraint was removed and the positional parameters of all atoms (except one required to fix the cell origin) were refined as independent variables in space group P1. Starting coordinates were based on RR = Rietveld refinement; U = up, D = down, for z component of O-H vector; Rwp = weighted R for whole pattern; R i = ratio of Rwp to Roxp~tod (i.e., to be expected if the only errors were the counting statistical fluctuations); RB = "R-Bragg," i.e., an R based on Bragg intensities (see, e.g., Wiles and Young, 1981) . Suitch and Young (1983) . The Brindley and Robinson (1946) cell setting was used throughout.
The C models permitted a stringent test of whether the two inner-hydroxyl ions were oriented similarly or differently. In the first refinements, each of the two inner-hydroxyl H atoms was represented by two halfatoms, A and B, placed initially in the positions derived from the Suitch and Young results such that the O-H(1A) and O-H(5B) vectors pointed toward the octahedral sheet and the O-H(1B) and O-H(5A) vectors pointed away from it (Table 1) . The H(1A) and H(5B) positions, but not their site occupancies, were then constrained to maintain a C-face-centering relationship as they were varied in the refinement process. The H(1 B) and H(5A) positions were similarly constrained to each other. The positions of all atoms were allowed to vary under the imposed C-face-centering constraint in the refinement. The site occupancies of the four H(1) and H(5) positions were assigned initial values of 0.5 and then allowed to vary independently under the constraint that the sum of the occupancies for the A and B sites for a given H atom must be equal to one. The rational for this strategem was to give the two innerhydroxyl O-H vectors the maximum opportunity to become similarly oriented in the refined model if those orientations were consistent with the data. This stratagem also avoided any possibility that the two innerhydroxyl O-H vectors the maximum opportunity to different orientations only because of some bias produced by nonequivalence of the other atoms between the two half cells; any bias introduced by this stratagem was toward equivalence of the two orientations. Table 2 shows the positional parameters obtained for all atoms and the site occupancies obtained for the inner-hydroxyl hydrogen atoms if C centering was imposed and each inner-hydroxyl hydrogen atom was initially placed, half in each, in two sites (Rietveld refinement CN). Similar results were obtained with both PKAOLIN and PNKAO86 sets of data. The site occupancies for H(1B) and H(5B), which were not constrained to each other, were refined away. Therefore, the only inner-hydroxyl H atoms left in the structure were H(1A) and H(5A), the two H atoms which cause the O(H1)-H(1) vector to point toward the octahedral sheet and the O(H5)-H(5) vector to point away from it, toward the tetrahedral sheet.
RESULTS
Because of the C centering imposed on all other atoms, the two halves of the unit cell provided identical surroundings for H(1 A) and H(5B) (also for H(1 B) and H(5B)) at the outset of the Rietveld refinements with the C models. Thus, the only differences that could develop between the two halves was the difference in the inner-hydroxyl "half-atom" site occupancies. Crystallographically, then, the converse result, i.e., that of the A set refining away and the B set remaining as fully occupied, should be indistinguishable (as long as the C centering is imposed as stated). The survival of the A set rather than the B set, or vice versa, is simply equivalent to a shift of the cell origin. Such a shift is without crystallographic consequence in this model in which no symmetry elements exist that limit the choice of origin. Which set, A or B, actually refined away would be expected to be a matter of starting chance.
This ambivalence was tested with a series of Rietveld refinements of C models in which the H(1A), H(1B), H(5A), and H(5B) site occupancies were fixed at various values (Table 3) . Rietveld refinements CP and CM show (Table 3) that the two possibilities for differing orientations for the two inner-hydroxyl ions, up-down and down-up, are equa/ly good. In Rietveld refinements CN and CS the site occupancies were allowed to refine. There, also, the two modes of differing orientations were equally good.
The orientation models in which the two inner-hydroxyl ions were similarly oriented, either both "down" or both "up" (Rietveld refinements CR and CQ) gave distinctly higher R values than did the models with one up and one down, enough higher so that they could be rejected.
The penultimate model represented in Table 3 , that of statistical disorder causing A and B sites to be equally occupied, cannot be ,so readily rejected solely on the Table 3 for the various Rs. ~ is the mixing parameter in the pseudo-Voigt profile function used.
2 Not comparable because a different wavelength was used.
basis of the R values in the table. The refinement process itself, however, consistently rejected that model. That equal-occupancy model was the actual starting model for the Rietveld refinements in which the innerhydroxyl site occupancies were allowed to vary. Those site occupancies did refine consistently, with both the PKAOLIN and the PNKAO86 data, so that either only the A set or only the B set survived, never both. Furthermore, the standard deviations were small enough (see Rietveld refinements CN and CS in Table 3 ) to assure that the occupancies for the A and B sites for a given inner-hydroxyl hydrogen atom are decidedly different, essentially 1 and 0 or 0 and 1. (Further detailed crystallographic analysis in explanation of this point is presented in Young, 1988 .) These orientational differences are readily seen in the computer-drawn 100 projection presented in Figure 1 . The two halves of the kaolinite unit cell are definitely not equivalent. The cell is primitive, not face centered. The C-centering constraint imposed on the other ions was therefore released, and full refinements were carried out in which the positional parameters of all atoms (except the one chosen to fix the origin of the unit cell) were allowed to vary independently (space group P 1). These Rietveld refinements were carried out separately with both new sets of data (final Rietveld refinements 5G with PKAOLIN data and 5H with PNKAO86 data) and with the truncated set, PKAO86A. The numerical results obtained with the two full-range sets of data are given in Table 4 . The Rietveld refinement results obtained from these two different data sets agree generally within one or two estimated standard deviations. Even though 116 parameters (99 positional and 17 others) were varied simultaneously, the standard deviations are smaller than those reported by Suitch and Young (1983) . The values of the positional parameters themselves generally agree with the Suitch and Young values within 3 standard deviations (combined). (See Eq. (3) of Suitch and Young for the transformation between the cell setting used there for the neutron diffraction results and the cell setting used both there for the X-ray diffraction results and here for all results.) The best results, however, were obtained with the truncated set of data, PKAO86A, because most of the debilitating effects of uncorrected profile asymmetry were therein avoided, and substantially smaller R values were obtained. These results are presented in Table 5 (Rietveld refinement 5I) and should be taken Table 3. as the best values found to date for the atom positions in highly ordered kaolinite. Figure 2b shows the quality of the neutron powder diffraction data used (PKAO86A) and the quality of the fit of the calculated to the observed diffraction pattern.
Comparing the positional parameter values listed in Table 5 for the two half cells with those in Table 2 , one sees that for the non-hydrogen atoms the departure from a C-face-centering relationship (i.e., the two half cells related by the translation (1/2)a ~-(l/2)b) exceeds 3 estimated standard deviations (combine(l) in only 3 of the 39 cases (x of 03-08, x of OH3-OH7, and y of OH4-OH8 by 5, 4, and 6 estimated standard deviations, respectively). All inner-surface hydrogen atoms obey C centering within 3 estimated standard deviations in their x and z coordinates, but depart from it by 6-8 estimated standard deviations in their y coordinates. The x coordinates of the inner-hydroxyl hydrogen atoms depart from the C-centering relationship by about 5 estimated standard deviations. Thus, some minor but real departures from C centering exist in several of the x,y positions.
The most marked departure from C-face centering exists in the z coordinates of the two inner-hydroxyl H ions. The difference between ,them is 0.092(7) for Rietveld refinement 5G, 0.094(8) for Rietveld refinement 5H, and 0.086(7) for Rietveld refinement 5I. Each of these values exceeds by more than 10 standard deviations the zero value (equired for C-face centering, i.e., for the two inner hydroxyls to be oriented the same 9 "~"" ~"" ""~" ' "~"" "~"" ~"" "~"" ~ "~"" "~"" "~"" "~"" "1~; ~'1~" "~';Ib" ~ "1~"" "i~o"" ~ ~ "~" "t~ "1~'-" T~-1~ ~ "-o2Q way. They are decidedly not oriented in the same way. It is principally in this way that the "kaolinite" layer in kaolinite differs distinctively from that in dickite. In dickite, the two inner-hydroxyl ions are similarly oriented and obey a C-centering relationship (Adams and Hewat, 1981) . The effect of this or any difference in z parameters could not, of course, be sensed with only hkO data. The fact that the differences in the two inner-hydroxyl orientations is due preponderantly to the difference in their z parameters, whereas the x parameters differ by only half as much and only 5 estimated standard deviations, 0.055(11 ) , from a C-centered relationship, may explain why Thompson and Withers (1987) were not able to detect the departure from C centering.
Selected interatomic distances and angles, based on the improved positional parameter values and their estimated standard deviations in Table 5 , are given in Table 6 . Computer program ORFFE4 (1985) was used. Not unexpectedly, all eight of the O-H distances in the hydroxyl ions are within about 2 standard deviations of 1.00 &. All inner-surface hydroxyl ions are involved in hydrogen bonding, as they are in dickite (Adams and Hewat, 1981) . The angles that the inner-surface O-H vectors make with the a,b plane (which is, effectively, the mixed O,OH atom plane) range from 50(3) ~ to 87(27) ~ The differing orientations of the two innerhydroxyl ions constitute the principal difference between the "'kaolinite" layer in kaolinite and that in dickite. (5) i Based on results listed in Table 5 from Rietveld refinement 51.
